Abstract The Blazhko effect in V1820 Orionis and its period were reported for the first time by Wils et al. (MNRAS, 368, 1757; 2006) from a data analysis of the Northern Sky Variability Survey. The results of additional V1820 Orionis observations over a time span of four years are presented herein. From the observed light curves, 73 pulsation maxima have been measured. The times of light maxima have been compared to ephemerides to obtain the (O-C) values. The Blazhko period (27.917 ± 0.002 d) has been derived from light curve Fourier analysis and from ANOVA analyses of the (O-C) values and of magnitudes at maximum light (M max ). During one Blazhko cycle, a hump in the ascending branch of the light curve was clearly identified and has also created a double maximum in the light curve. The frequency spectrum of the light curve, from a Fourier analysis with period04, has revealed triplet, quintuplet structures, and a second Blazhko weak modulation (period = 34.72 ±0.01 d). V1820 Orionis can be ranked as a strongly modulated star based on its observed amplitude and phase variations. The amplitude ratio of the largest triplet component to main pulsation component is quite large: 0.34.
Introduction
The star V1820 Orionis is classified in the General Catalogue of Variable Stars (Samus et al. 2011) as an RR Lyr (RRab) variable star with a period of 0.479067 day and with maximum and minimum V-band magnitudes of 12.5 and 13.4, respectively. This star was identified as an RRab with a Blazhko period of 28 days by Wils et al. (2006) . At this time the star was classified as NSV 02724 in the New Catalogue of Suspected Variable Stars (Kukarkin et al. 2011) .
The current data were gathered during 157 nights between December 2006 and March 2012. During this period of 1,918 days, a total of 22,592 magnitude measurements covering 70 Blazhko cycles were collected. The 7,300 observations from December 2006 to February 2010 were made by Hambsch using 30-cm and 50-cm telescopes located in Cloudcroft (New Mexico). From September 2011 to March 2012 the observations were made by Hambsch using the telescope in Cloudcroft and a 40-cm telescope in San Pedro de Atacama (Chile). de Ponthière contributed additional measurements with a 20-cm telescope located at Lesve (Belgium).
The comparison stars used by the authors are given in Table 1 . The star coordinates and magnitudes in B and V bands were obtained from the NOMAD catalogue (Zacharias et al. 2011) . C1 was used as a magnitude reference and C2 as a check star. The Johnson V magnitudes from different instruments have not been transformed to the standard system since measurements were performed with only a V filter. However, two simultaneous measurements from the instruments in Cloudcroft and San Pedro de Atacama were observed to differ by only 0.025 mag. Dark and flat field corrections were performed with the maximdl software (Diffraction Limited 2004), aperture photometry was performed using lesvephotometry (de Ponthière 2010) custom software which also evaluates the SNR and estimates magnitude errors.
Light curve maxima analysis
The times of maxima of the light curves have been evaluated with custom software (de Ponthiere 2010) fitting the light curve with a smoothing spline function (Reinsch 1967) . Table 2 The folded light curve on this pulsation period is shown in Figure 2 .
The Blazhko period was determined by a period analysis of the (O-C) values and the M max (Magnitude at Maximum) values with the ANOVA algorithm of peranso (Vanmunster 2007) . Both periodograms, presented in Figure 3a and 3b, show a primary peak and a series of aliases equally spaced around the main modulation frequency. The lists of prominent peaks are indicated below.
From (O-C) analysis, the main frequencies and periods are tabulated below: These aliases are apparently due to the presence of two groups of measurements separated by four years. The first group of 13 maxima is centered on January 2007 and the second group of 52 maxima is centered on December 2011. The alias spacing of 0.00054 d -1 (1,851 d) is approximately the reciprocal of the time span between the two measurement groups (that is, 59 months or 1,770 days). A Spectral Window analysis on (O-C) and M max data points provided peaks separated by 0.00057 d -1 (1754d), which supports the origin of the aliases.
From the (O-C) period analysis it is not possible to deduce which peak corresponds to the Blazhko period since none of them is emerging significantly. However, the prominent peak of the M max analysis is also found as an important peak in the (O-C) analysis. Therefore, the Blazhko period is estimated as 27.92 ± 0.03 days. Wils et al. (2006) have reported a value of 28 days.
The highest recorded maximum was observed at HJD 2455955.6847, and the Blazhko ephemeris origin has been selected as 69 Blazhko cycles before this highest recorded maximum. On the basis of this origin, the first observations have a positive value for E Blazhko . RR Lyrae stars of type RRab are known to frequently show a hump in their light curves that appears before light maximum (Smith 1995) . The evolution of a strong hump during five consecutive nights (JD 2455941 to 2455945) was observed. The folded light curves for those nights (JD41-45) are given in Figure 6 . During the first night (JD 2455941), the shape of the maximum appears normal, but on the second night (JD 2455942) the light curve shows a shoulder in the decreasing branch. On JD 2455943 two maxima are separated by 0.0685 day (that is, 14% of the pulsation period) and on the fourth night, the maximum is preceded by a classical hump in the increasing branch. The (O-C) values for the maxima occurring on nights JD 2455941, JD 2455942, and for the first maximum on night JD 2455943 appear to be outliers in the (O-C) diagram (Figure 1 ), but the (O-C) value of the shoulder on the second night JD 2455942 is close to what is expected. The evolution of a shockwave phenomenon generating the hump has probably distorted the light curve on JD 2455942 to the point that the magnitude of the hump is larger than at normal maximum magnitude. The same phenomenon is not repeated at each Blazhko cycle, but it probably occurred on nights of JD 2454126 and JD 2454770 as the corresponding (O-C) values appear to be outliers in the (O-C) diagram (Figure 1 ). These irregularities in the (O-C) values occur around the Blazhko phase equal to 0.5 (Figure 4 ). The observed shoulder in the decreasing branch on JD 2455942 is similar to the "bump" detected by Jurcsik et al. (2012) in the RZ Lyrae light curve. This phenomenon of light curve distortion for both stars occurs when the Blazhko amplitude modulation is weakest. The bump appearing in the descending branch of RZ Lyrae occurs around pulsation phase 0.25-0.30 but the shoulder in the decreasing branch of V1820 Orionis happens around pulsation phase 0.0. Based on the different pulsation phases at which the light curve distortions occur and the night-to-night evolution for V1820 Orionis, it can be supposed that the phenomena are probably different for the two stars.
The relationship between M max and (O-C) can be plotted on a diagram. These two quantities vary with the Blazhko phase and if they are repetitive from cycle to cycle, the data will lie on a loop and if they are sinusoidal the loop will be elliptical. The loop will run in a clockwise progression if the M max has positive phase delay versus (O-C) phase and vice-versa. However M max and (O-C) values for V1820 Orionis, represented by small diamonds in Figure 7 , are poorly repetitive from cycle to cycle and are largely scattered. The mean values of (O-C) and M max have been evaluated for 10 bins of the Blazhko phase and are represented as large squares in the Figure 7 . An inspection of the successive points indicates that the loop is progressing in counter-clockwise direction. The point in the lower left of the diagram with (O-C = -0.1 day) corresponds to the strong hump described above. Le Borgne et al. (2012) have shown that for most of the analyzed Blazhko stars the M max versus (O-C) diagrams exhibit a similar counterclockwise rotation.
Frequency spectrum analysis
A Blazhko effect on the light curve can be modeled as an amplitude and/or phase modulation of the periodic pulsation, with the reciprocal of the modulation frequency being the Blazhko period. Szeidl and Jurcsik (2009) have shown that the Fourier spectrum of an amplitude and phase modulation model is given by an infinite series including the fundamental frequency (f 0 ), harmonic frequencies (if 0 ), and multiplet frequencies (if 0 ± jf B ).
where: is the coefficient of the multiplet (3f 0 + 2f B ) .
The methodology used herein is similar to the one reported by Kolenberg (2009) where triplet and quintuplet components were detected in the spectrum of SS Fornacis. The spectral analysis was performed with period04 (Lenz and Breger 2005) to yield a Fourier analysis and multi-frequency sine-wave fitting.
The sine-wave fitting was determined by successive data pre-whitening and Fourier analysis on residuals. For each observed harmonic and triplet, the signalto-noise ratio has been evaluated to retain only significant signals, that is, with an SNR greater than 3.5. During the period04 sine-wave fitting process, only the fundamental f 0 and the first main triplet component f 0 + f B frequencies have been unconstrained; the other frequencies have been entered as combinations of f 0 and f 0 + f B . Table 3 provides the amplitude and phase for each Fourier component obtained with the best sine-wave fitting. The uncertainties of frequencies, amplitudes, and phases have been estimated by Monte Carlo simulations. As it is known that Monte Carlo simulation uncertainties can be underestimated (Kolenberg et al. 2009 ), the uncertainty values have been multiplied by a factor of two. The harmonics of f 0 are significant to the eighth order. The residuals after subtraction of the best fit based on f 0 and harmonics up to the eighth order is provided in Figure 8a . The large residuals close to the phase of maximum light (0.8 to 1.1) are due to amplitude and phase modulations created by the Blazhko effect. The residuals are reduced significantly when the side peaks (triplets) around the f 0 frequency and harmonics up to the seventh order are included in the fitting process (Figure 8b) .
The fundamental pulsation frequency f 0 (2.08747 d -1
) is very close to the frequency obtained from a linear regression analysis of time of maxima. The Blazhko period was also measured from the first side peak frequency f 0 + f B and f 0 to yield f B = (2.12329 -2.08747) = 0.03582 d -1 and P B = 27.917 ± 0.002 days. The second side peak frequency f 0 -f B exhibited a lower amplitude and higher uncertainty and was not used for Blazhko period evaluation. The Blazhko period found with the sine-wave fitting method (27.919 ± 0.002 days) is equal to the value found with the brightness at maximum analysis (27.92 ± 0.03 days). Table 4 lists the harmonic and significant amplitude ratios. One useful parameter to quantify the Blazhko effect is the amplitude ratio A ) are also provided in Table 4 . The asymmetry in the side lobes observed for V1820 Orionis is not unexpected on the basis of Szeidl and Jurcsik (2009), which showed that this asymmetry is related to the phase difference between the Blazhko amplitude and phase modulations. If the Blazhko effect were limited to amplitude modulation, the ratios R i and Q i would be equal to 1 and 0, respectively. The asymmetry ratios Q i around 0.35 are a sign that V1820 Orionis is amplitude-and phase-modulated.
Besides the harmonics and triplets, some quintuplet components (kf 0 + 2f B ) and a peak at the Blazhko period itself were found. And finally, two modulation peaks appear in the spectrum around f 0 and 2f 0 with a separation of 0.028 d -1 . They correspond to a second Blazhko modulation f B2 (1/f B2 = 34.72 ± 0.01 days). This phenomenon of multi-periodic modulation has also been detected by Sódor et al. (2011) in the spectrum of CZ Lacertae. In the case of CZ Lac, the modulation components of the two frequencies (f B and f B2 ) have similar amplitudes, which is not the case for V1820 Orionis. The second modulation frequency f B2 has weaker components than f B , but they remain significant as their SNR are 9.2 and 6.0, respectively. A spectral analysis on M max values provides the same two Blazhko modulation frequencies f B and f B2 , which are in a 5:4 resonance ratio. The corresponding beating period is 139 days, which is visible on the multi-frequency sine-wave fitting obtained with period04 ( Figure 9 ). For clarity, Figure 9 only includes the last observation season (2011-2012). A 5:4 resonance ratio was also found between the two modulation frequencies of CZ Lac during the 2004 observation season (Sódor et al. 2011) but the next year this resonance ratio changed to a value of 4:3.
Light curve variations over Blazhko cycle
In order to investigate the light curve variations over the Blazhko cycle, the complete dataset was subdivided into ten temporal subsets corresponding to different Blazhko phase intervals Ψ i (i = 0,9). The ephemeris derived previously during the analysis of light curve maxima was used to define the epoch of the Blazhko zero phase (HJD = 2454029.2047). The data points are relatively well distributed over the subsets with the number of data points in each subset varying between 1,144 and 3,045. The light curves for each subset are presented in Figure 10 . The strong hump observed during JD 2455942, as described previously, is highlighted in red in the panel of subset ( Ψ = 0.5-0.6).
For each subset, the amplitude A i and phase Φ i of of the fundamental and harmonic frequencies up to the fourth order have been evaluated with the LeastSquare Fit module of period04. The amplitudes and epoch-independent phase differences (Φ k1 = Φ k -kΦ 1 ) over the Blazhko cycle are provided in Table 4 and exhibited in Figures 11a and 11b . As expected, the amplitude of the fundamental frequency is clearly lower at a Blazhko phase around 0.5, that is, when the light curve amplitude variation on the pulsation cycle is weaker. The maximum and minimum Φ 1 phase values (2.234 and 1.253 radians) are found in subsets Ψ (0.4-0.5) and Ψ (0.1-0.2), respectively. The difference between maximum and minimum Φ 1 phase is a measure of the phase modulation strength and is equal to (2.234 -1.253) = 0.981 radian or 0.156 cycle, which corresponds roughly to the value of 15 % noted for the peak to peak deviation of (O-C). The phase variation of harmonic component Φ 41 is the largest, with a value of 3.6 radians, while Φ 21 varies only by 0.37 radians over the Blazhko cycle. The phase variation of harmonic component Φ 41 is very large as compared to Φ k1 values of 1 and 0.5 radians observed for RZ Lyrae (Jurcsik et al. 2012) and SS Fornacis (Kolenberg et al. 2009 ), respectively. Figure 12 provides a graph of the A 1 coefficient versus the Φ 1 for the different subsets. This graph is similar to the graph of the Magnitude at Maximum versus (O-C) given in Figure 7 . In order to compare the two graphs, the Φ 1 axis of Figure 12 was inverted. Indeed, for the sine-wave fitting [A i sin(ω i t + Φ i )], a larger Φ i phase corresponds to a time advance, that is, a lower value of (O-C). With the Φ 1 axis inverted, the loop of A 1 values exhibits a counter-clockwise progression as in Figure 7 .
Conclusions
The strong and irregular Blazhko behavior of V1820 Ori has been exhibited by two different methods: (1) measurement of light curve maxima, and (2) Fourier analysis. The latter method, Fourier analysis, has been feasible due to the large number of regular observations over the pulsation period which was not limited to the times of light curve maxima. Both methods yield the same results for the fundamental pulsation period (0.4790486 day ± 0.0000018) and the Blazhko period (27.917 days ± 0.002). The irregularities of the Blazhko effect are probably explained by variations of the strength of a shockwave phenomenon generating the hump in the ascending branch of the light curve. This erratic behavior generally occurs around a Blazhko phase of 0.5. Measured ratios of Fourier amplitudes and their asymmetries also confirm strong Blazhko amplitude and phase modulations. A second weaker Blazhko modulation with a period 34.70 ±0.02 days has also been identified. The two modulation frequencies are in a 5:4 resonance ratio.
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